Abstract. We demonstrate that the integration of graphene strongly influences optical properties of the subwavelength gratings, opening a way toward nanophotonic devices. By using the Fourier-expansion modal method, we demonstrate that graphene-titanium dioxide nanostructures can be used for designing polarization-insensitive absorbers and biochemical sensors.
Introduction
This gapless linear band structure and a high mobility of massless charge carriers make electronic and optical properties of graphene different from those of other nanomaterials. Zero effective mass of charge carriers propagating in the honeycomb graphene's lattice allows them to cover submicrometer distances without scattering at room temperature despite an atomically rough substrate. This property is of strong fundamental importance and also opens a wide range of opportunities in photonics and optoelectronics especially giving rise to strong and broadband light absorption in graphene. Because the absorption coefficient of multilayer graphene is proportional to the number of layers, the performance of graphene-based devices including optical detectors, 1 THz emitters, 2,3 waveguides, 4 ,5 plasmonic sensors, 6 modulators, 7, 8 and biochemical sensors 9 can be readily tailored. Being essentially two-dimensional (2-D) material graphene can be incorporated into dielectric and/or semiconductor environment opening avenues toward integrated photonic components operating in the visual and near-infrared spectral range. 4, 10, 11 In particular, it has been experimentally and theoretically demonstrated that incorporation of graphene into one-dimensional (1-D) photonic crystal or subwavelength grating 12 greatly enhances absorption at the waveguide resonance. In this paper, by using Fourier modal method (FMM), [13] [14] [15] [16] we demonstrate that graphene-enhanced 2-D nanogratings can be employed for development of the polarization independent absorber and biochemical sensor.
Waveguide-Resonance Gratings
Optical properties of the 1-D subwavelength grating structure shown in Fig. 1 are determined by periodically modulated dielectric constant in the grating region 17 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 1 1 6 ; 1 8 9
where Λ is the grating period, and for simple grating structure with alternating ridges of permittivity ε h and width w ¼ fΛ, the Fourier harmonics are given by ε n¼0 ¼ ε h f þ ð1 − fÞ and ε n≠0 ¼ ðε h − 1Þ sinðπfnÞ∕πn.
When a light wave with wave vector k 0 ¼ ðk ix ; 0; k iz Þ incidents on the grating from the vacuum (k 0 ¼ 2π∕λ 0 , where λ 0 is the wavelength), the boundary conditions across the interface imply that the x-component of the wave vector in the grating layer satisfies the phase matching condition 18, 19 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 1 1 6 ; 4 9 5
where K ¼ 2π∕Λ is the grating wavevector and m ¼ 0; AE1; AE2; : : : represent the diffraction orders. Equation (2) describes the complete set of spatial harmonics allowed in the grating region. Let us consider the transverse (with respect to plane of incidence) polarized plane light wave that incident on grating at angle θ (Ref. 20 ), E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 1 1 6 ; 4 0 4 E y ðx; zÞ ¼ E 0 exp½ik 0 ðx sin θ þ z cos θÞ:
The transmitted and the reflected fields can be presented in terms of the superposition of the diffracted modes as the following: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 1 1 6 ; 3 4 7
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 1 1 6 ; 3 0 5
where h is the grating height, R m and T m are the complex amplitudes of reflected and the transmitted field, respectively, k 
where S m ðzÞ is the normalized amplitude of the m'th space harmonic that along with the normalized amplitudes T m and R m can be obtained using rigorous FMM technique that allows us to obtain the transmission and the reflection efficiencies for each diffracted mode [13] [14] [15] [16] E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 1 1 6 ; 1 4 3
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 8 ; 1 1 6 ; Fig. 1 Sketch of the one-dimensional (1-D) graphene-enhanced TiO 2 subwavelength grating on the silica substrate. Λ is the period of grating, w and h are the TiO 2 ridge width and height, respectively. Graphene sheet is situated beneath each ridge. θ is the angle of incidence, k 0 is the wave vector of the incident wave. The guided modes are propagated along the x -axis within the grating layer.
Similarly, the transmittance and reflectance can be obtained for a transverse magnetic polarized light wave. 13 FMM-based analysis allows us to obtain the transmission and the reflection efficiencies for the graphene-enhanced grating shown in Fig. 1 . Figure 2(a) shows the calculated transmittance, reflectance, and absorbance spectra for the grating enhanced by a single graphene layer that is optimized to achieve maximum absorbance at λ ¼ 800 nm at the incident angle θ ¼ 3 deg (Λ ¼ 711 nm, w ¼ 261 nm, h ¼ 183 nm). One can observe that at the resonance, the graphene-enhanced grating absorbs ∼55% of the incident radiation, whereas transmittance and reflectance are 12% and 33%, respectively. The full width half maximum of the absorption resonance is as low as 7 nm. By comparing spectra obtained for the grating with (solid lines) and without (dash lines) graphene layer, one may conclude that the absorption has occurred in graphene layer only. Therefore, introducing graphene into the grating structure results in the 55% absorption of the incident light at waveguide resonance and conventional 2.3% absorption in the rest of the visual spectrum.
The intensity distribution profile presented in Fig. 2(b) shows pronounced light confinement inside the TiO 2 ridges; however, the evanescent field tails hit graphene layer effectively. Specifically, at λ ¼ 800 nm, the light intensity in the TiO 2 pillars and graphene later is ∼250 and 139 times higher than those out of resonance, respectively. Contour plot of the electric field strength at graphene layer is shown in Fig. 2(c) . Figure 3 shows the evolution of the absorption spectrum as the graphene layer thickness increases, whereas other grating parameters remain the same. One can see that maximum absorption takes place when grating is enhanced by incorporating the graphene bi-layer, whereas increase of the number of layers results in the broadening of the resonance and slightly shifts it to shorter wavelengths.
Polarization Insensitive Light Absorber
Pronounced dependence of the absorption on the polarization of the incident is due to intrinsic optical anisotropy 1-D grating also referred to as the form birefringence. However, the polarization sensitivity of the light absorption can be lifted if one considers 2-D graphene-enhanced TiO 2 grating presented in Figs. 4(a) (cross section) and 4(b) (top view), respectively. The structure consists of TiO 2 pillars with height of 281 nm, TiO 2 bias layer with thickness of 141 nm, and monolayer graphene situated between SiO 2 substrate and the bias layer. The grating periods 787 nm and pillar widths 747.65 nm are the same along the x-and y-directions. The square lattice arrangement ensures symmetry of the guided modes propagating along x-and y-directions that manifests itself as the polarization independent light absorption. Our numerical modeling confirms this conclusion. Figure 4(c) shows the transmittance, reflectance, and absorbance spectra of this grating, which are the same for orthogonally linearly polarized and circularly polarized light waves at normal incidence. This makes such 2-D structures interesting fabrication of the electro-optic modulators, polarization-insensitive light detectors, filters, and ultrasensitive biosensors.
Biochemical Sensor
Enhanced sensitivity of the waveguide resonance to the dielectric environment of the nanogratings opens opportunity to employ graphene-enhanced gratings for the development of the ultrasensitive biosensors. Specifically, placing an analyte on the grating layer will shift the resonance wavelength of the graphene absorption permitting extremely sensitive detection. Inset to Fig. 5 shows a sketch of such grating designed for detection of the Plasmodium falciparum (a parasite causing malaria 22 ) that change in refractive index of red blood cells from 1.420 (the refractive index of a healthy sample 23 ) down to 1.372. In this grating, a single graphene sheet is sandwiched between SiO 2 and sapphire bias layer with TiO 2 pillars on it. Figure 5 shows the dependence of the absorption coefficient of the structure at 785 nm as a function of the refraction index of the analyte. One can observe strong dependence of the absorbance at λ ¼ 785 nm on the analyte refractive index. Maximum absorption at this wavelength is observed for infected samples (n ¼ 1.372); however, it drops by 90% in healthy samples (n ¼ 1.420). 
Conclusion
We demonstrate that waveguide resonance manifests itself in a pronounced increase of the absorption losses when the dielectric grating is enhanced with a graphene layer. This phenomenon can be employed for the light detection in the visual and near-infrared region. We demonstrate that 2-D graphene-enhanced nanogratings have polarization-insensitive absorption, transmission, and reflection spectra. These structures can be used, in particular, for biochemical sensors. 
